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FISSION PRODUCTS FROM NUCLEAR REACTORS 
QUANTITATIVE PROSPECTUS) 


James Terrill, A.M. ASCE 
Dade Moeller,’ and 
Samuel Ingraham, 


SYNOPSIS 


The United States the threshold practical electric-power produc- 
tion from atomic energy. estimated that some million gallons 
radioactive fission-product wastes will produced daily processing 
“spent” fuel from new power reactors built during 1964 alone. Presented 
this paper are tables and curves from which individual fission-product 
yields for thermal reactors any power level, operated for different peri- 
ods time, can predicted. This discussion intended give the sani- 
tary-engineering profession concrete, numerical evaluation the probable 
waste-handling problem atomic-power reactors. 


INTRODUCTION 


The nuclear reactor being widely discussed source energy for 
the production electric power. Current policy statements the President, 
members Congress, and the Atomic Energy Commission indicate trend 
toward private support for nuclear-power projects. Proposed revisions 
the Atomic Energy Act 1946 currently before Congress are designed 
promote the domestic development civilian nuclear-power industry. 
Four separate teams from private industry have recently made studies 
nuclear-power reactors—studies which cost these industries total ap- 
proximately one million 

The operation nuclear reactors results the production radioactive 
fission products. The hazards fission products health have been widely 
discussed the literature. These hazards are related not only the 
amounts the fission products, but also their chemical and physical 


Chief, Radiological Health Program, Division Sanitary Engineering 
Services, Public Health Service, U.S. Dept. Health, Education, and Wel- 
fare, Washington, D.C. 

S.A. San. Engr., Public Health Service; formerly with Radiological Health 
Program; currently stationed Nuclear Eng. Dept., North Carolina State 
College, Raleigh, N.C. 

Senior Surgeon, Public Health Service; formerly with Radiological Health 
Program; currently stationed National Cancer Inst., National Institutes 
Health, Bethesda, Md. 

“Reports the U.S. Atomic Energy Commission Nuclear Power Re- 
actor Technology,” U.S. Atomic Energy Commission, May 1953; U.S. 
Government Printing Office, Washington, D.C. Price, cents. 
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properties. Fission products from nuclear reactors are discussed herein 
terms their production (curies, grams, and gallons) and their over-all 
health import. This discussion intended give the sanitary-engineering 
profession concrete, numerical evaluation the probable waste-handling 
problem atomic-power reactors. Methods for control the problem are 
mentioned only they are germane evaluation its health implications. 


Fission Products 


Nuclear fission yields variety products. These products, the main 
radioactive, are formed definite proportions. customary refer 
the proportion specific fission product its fission yield. For example, 
the fission yield iodine 131 (3.0%) the percentage the fissioning 
(fuel) which yield iodine this atomic weight. Since the fission 
each atom fuel produces, for practical purposes, two fission-product 
atoms, the total fission yield this basis 200 percent. 

Figure the yield for thermal fission uranium 235 plotted (solid 
line) function the mass numbers the fission products. Because 
there such wide range the order magnitude fission yields, 
logarithmic scale has been used the ordinate. The two broad peaks the 
curve occur mass numbers and 139, and correspond fission yields 
about 

The solid line Figure previously stated, represents yields for 
thermal fission, that is, fission brought about result the action 
thermal neutrons, which have the energy molecules room temperature 
(about 1/30 electron volt). Neutrons with greater energies produce somewhat 
different fission yields (see dashed line). 

Selected isotopes uranium and plutonium are the common fissionable 
materials used reactor fuels today. general, the distribution fission 
products for all these fuels about the same. 

attempt select the important fission products resulting from nuclear- 
reactor operations must, necessity, involve several factors. First, 
course, the matter fission yield. important, specific product 
must produced significant quantity. Second, but probably equal im- 
portance, the matter the product has brief half-life, 
will, for practical purposes, relatively unimportant extra-plant en- 
vironmental-health factor. the specific product has exceptionally long 
half-life, also unimportant, since produced only minute 
quantities terms its radioactivity.* (See equations, Appendix for 


Strictly speaking, the nucleus the atom which fissions. 

“Nuclear Radiation Physics,” Lapp and Andrews, Prentice- 
Hall, Inc., New York, 1948, 366. 

For radioactive atoms every kind, the number decaying during given 
time proportional the number originally present. the interval 
chosen that which percent the atoms present will decay, then 
each successive identical interval, percent the remaining radioactive 
atoms will decay. Time intervals this sort are called radioactive half- 
lives. 

The quantity activity produced will negligible, even though the num- 
ber radioactive nuclei produced large since 


half-life 
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computing amounts fission products resulting from nuclear-reactor opera- 
tions.) 

Based these considerations, list the significant fission products 
and their radioactive characteristics has been prepared. These data are 
presented Table The fission yields given are for thermal fission 
uranium 235. Although most the reactors the United States today utilize 
neutrons this energy range, reactors utilizing neutrons greater energy 
are also use, and the yields the fission products resulting from their 
operation would, pointed out earlier, vary somewhat from those given 
Table 

The Table includes all reported fission products which have half-life 
greater than and less than 10* years. The bulk these have 
half-life ranging from days years. 


Production Fission Products 


There definite relationship between the power level nuclear re- 
actor and its rate production fission products. Approximately 200 mil- 
lion electron volts (Mev) energy released the fissioning the nucleus 
one uranium plutonium atom. Using this value, can computed that 
approximately fissions per second will yield one watt. this rate, 
grams uranium 235 would consumed day. Thus, theoretically, 
1,000-kilowatt reactor utilizes the energy only gram uranium 235 
each day. 

The activity given fission product yielded reactor operating con- 
tinuously given power level function the fission yield and the half- 
life the fission product. Fission product activities which would present 
the end several selected periods continuous operation 1,000- 
kilowatt reactor are presented Table 

From Table can seen that the activities the short half-lived 
fission products reach their maxima early, whereas the activities the 
longer half-lived materials continue grow with time. general, after 
reactor-operation period equal ten half-lives selected fission product 
has taken place, can said that the production that fission product has 
reached its practical maximum. this maximum equilibrium value, the 
particular fission product decaying rapidly being produced. 
(For specific equations used for Table Il, see Appendix A.) 


Decay Fission Products 


Radioactive fission products are unstable atoms that spontaneously disin- 
tegrate, decay. emission gamma ray, the atom merely reduces its 
total energy status. emission beta particle, the atom, addition, 
changes from one chemical element another. Emission the beta particle 
often leaves the atom “excited” state which changes the normal, 
“ground,” state emission one more gamma rays. isotope formed 
from the decay radioactive fission product often itself radioactive; 
and it, turn, decays, forming still another element with different chemical 


For practical purposes, radioactive substance may considered 
completely dissipated after ten half-lives have passed, less than 0.1% 
will remain. Thus, after period days month), practically 
none the fission products with half-life days less would remain. 
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properties. Decay chains, thus, are made several elements being 
formed serially, one from another, successive beta-particle emissions, 
until element formed which not The original radio- 
active element referred the “parent,” the element into which de- 
cays the “daughter,” and forth. production well decay, the 
activities daughters may determined the activities longer half- 
lived parents, e.g., Ru-106 and Rh-106, and Te-132 and I-132. For ex- 
ample typical radioactive fission-product-decay chain, see Figure 

mixture all the fission products exhibits decay characteristics which 
are total the complex activities present. the fission products (the 
short half-lived well the long half-lived) are formed the same in- 
stant, atomic-bomb explosion, one type decay pattern will ob- 
served. the fission products are the result sustained nuclear reaction, 
reactor, decay pattern somewhat different nature will ob- 
served. This the result the fact that the latter case, during the time 
the reactor operation, new fission products are being produced con- 
currently with the decay those already present. 

Characteristic decay curves for radioactive fission-product mixtures, re- 
sulting from various periods operation nuclear reactor, are shown 
Figure Each curve was plotted the assumption that the reactor was op- 
erated for the indicated period time, after which the fission products were 
removed and their decay rates followed. The curve for the decay fission 
products from atomic-bomb explosion (high-energy fast-neutron fission) 
included matter interest and for the purpose comparison. The 
curve for the decay fission products instant activation thermal 
reactor was taken from data Hunter and 

general, can observed that the longer the fission process per- 
mitted proceed, the greater the half-life the total complex 
activities. This increase stems from the fact that production over period 
time increases the relative proportion the longer half-lived fission products. 

Numerical values for the decay the activity fission products removed 
from reactors which have operated for various periods time are given 
Tables (A), (B), and (C). These tables follow the pattern 
Table (A), the initial fission-product activity that which would 
present reactor which had operated continuously for period 100 days 
power level 1,000 kilowatts. The values Table III (B) are for fission 
products removed from reactor which had operated for period year 
the same power level. Table III (C) presents data for the activity fission 
products removed from reactor which had operated for period years 
1,000 kilowatts. (See Appendix for Equations used calculations.) 


Weight-Radioactivity Relationship Fission Products 


The residual weights radioactive fission products, specified times 
after removal from nuclear reactor which has operated continuously for 


10. See “Industrial Uses Radioactive Fission Products,” Report 
the United States Atomic Energy Commission, Stanford Research In- 
stitute, September 1951. 

11. “Fission-Product Decay Rates,” Hunter and Ballou, 
Nucleonics, Vol. No. November 1951, pp. C-2 through C-7. 

12. “Problems Radioactive Waste Disposal,” Forrest Western, 
Nucleonics, Vol. No. August 1948, pp. 43-49. 
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year power level 1,000 kilowatts, are presented Table IV. The 
residual weights given Table are the activities curies given 
Table (B) multiplied their respective grams-per-curie conversion 
factors. (See Appendix for Equations used calculations.) impor- 
tant note that weight thus calculated refers the amount radioactive 
material only. does not include the weight fission products which have 
decayed stable states. This fact illustrated Figure 

Although there are some 700,000 curies radioactive fission products 
present after year’s operation such reactor (Table (B)), these 
products weigh only some grams—less than ounces (Table IV). There 
are, addition, about 315 grams decayed fission products which, 
gether with the radioactive products, are dispersed throughout the reactor 
fuel (fissionable material). 

The longer the half-life radioactive fission product, the greater its 
number grams per curie and the siower its decay rate. Because this 
fact, given mixture radioactive fission products, there much less 
change the weight the radioactive fraction over given decay period 
than there its radioactivity. For comparison these two factors 
the fission products removed from reactor after year continuous 
operation power level 1,000 kilowatts, see Figure 


Predicted Future Production Fission Products 


The growth the use electric power the United States since 1900 
has been rapid. This rapid growth expected continue. fact, has 
been predicted that facilities produce additional 1,000 billion kilowatt 
hours energy annually will built during the next (See Table 
V.) has also been predicted that peaceful uses the atom will advance 
far the next years that least percent all new electric-power 
plants may using atomic 

Such power plants, presently planned, will use the heat fission 
produce steam which, turn, will used operate steam turboelectric- 
power generating equipment. The essential difference between nuclear- 
power plants and conventional steam-power plants that the heat the 
former supplied the fission reaction, whereas the latter sup- 
plied the combustion coal oil. schematic diagram one type 
nuclear reactor-power plant shown Figure 

Figure artist’s sketch the Nation’s first central station nuclear- 
power plant which built Shippingport, Pennsylvania (near Pitts- 
burgh), joint project the U.S. Atomic Energy Commission and the 
Duquesne Light Company. 

Values reported for the reactor-power level (heat) nuclear-power 


13. “Resources for Freedom, Volume III, The Outlook for Energy Sources,” 
Report the President the President’s Materials Policy Commis- 
sion, June 1952. 

14. Statement attributed former Chairman Gordon Dean the Atomic 
Energy Commission, The Evening Star, Washington, D.C., August 11, 
1953. 

15. There are many possible design variations for nuclear reactor-power 
plants; the direct conversion nuclear energy electricity has even 
been discussed. 
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plants range 1,000 The power levels present-day 
research reactors tend much lower: 1,000 kilowatts for the isotope- 
production reactor the Oak Ridge National Laboratory; megawatts for 
the reactor the Brookhaven National Laboratory; kilowatts for the 
reactor North Carolina State College. 

The efficiency converting the heat from power reactors into useful 
electrical energy approximately The Shippingport Nuclear 
Power Plant (Figure produce minimum 60,000 kilowatts elec- 
tricity. 20% efficiency, the heat-power level this reactor would 300 
megawatts. proposed power reactor Hanford, Washington, have 
estimated electric-energy capacity 300,000 

The fission-product yield nuclear reactors operated power levels 
(heat) 1,000 megawatts presented Figure The data for this figure 
were taken from Tables and (B). The solid lines represent the yields 
expected after periods continuous operation 100 days, year, and 
years. The effect decay the activity the fission products shown 
the dashed lines which refer the activity fission products that have 
been removed from reactor after year continuous operation. From the 
figure, can seen that there would about 350 megacuries fission- 
product activity present after year operation 500-megawatt power 
reactor. the reactor were then shut down, this activity would decay ap- 
proximately megacuries after 100 days, some megacuries year, 
and about megacuries after years. 

The difference total activity the fission products, whether reactor 
has operated continuously for 100 days for years, not great. How- 
ever, this difference very important. pointed out earlier, production 
over period time increases the relative proportion the 
lived fission products. Thus, the additional curies activity 5-year, 
compared 100-day, reactor are made the longer-half-lived 
materials. 

Using the information outlined above, the levels fission-product activity 
created future nuclear-power reactor operations the United States 
can estimated. assumed that the building new electric-power 
plants will evenly distributed throughout the next years, facilities 
produce additional billions kilowatt-hours annually will built each 
year. percent those built the year 1964, years from now, are 
nuclear-powered, the reactors involved will have power level (assuming 
percent efficiency) 2,280,000 kilowatts (2,280 megawatts). Such scale 
operations, for this year only, would multiply the yields given Tables 
(A), (B), (C), and factor more than 2,250. After year’s 
operation these reactors, there would more than 1.5 10° megacuries 
(1.5 billion curies) radioactive fission products present. 

the estimates fission-product yields expected from reactors built 
during 1964 appear fantastic, should remembered that, even now, there 
are least nuclear reactors operation the United States. These 
reactors have combined power (heat) level more than megawatts (see 


16. “Study Made for High Cost Power Reactor,” Nucleonics, Vol. 
No. August 1953, 61. 

17. “Atom Power Plant,” Engineering News-Record, Vol. 152, No. 11, March 
18, 1954, 28. 

18. “Power from Atom?” Engineering News-Record, Vol. 151, No. 17, Octo- 
ber 22, 1953, 17. 
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Table VI). has been reported that there are megacuries radioactive 
waste stored the Hanford production center the Atomic Energy Com- 


Disposition Reactor-Produced Fission Products 
Weight and Volume Considerations 


The quantity (gram-wise) fission products, relative the quantity 
reactor fuel, minute. For example, the British experimental reactor, 
commonly known “BEPO,” which operates power level 4,000 kilo- 
watts, contains full uranium load tons. After year operation, 
there would only some pounds fission products, both radioactive and 
stable, present this reactor. Nonetheless, the accumulation fission 
products during reactor operation interferes with and inhibits the fission 
process. Therefore, “spent” used fuel must removed intervals, and 
replaced. The activity the fission products the removed fuel depends 
the length time has been the reactor. reactor can operate 
“continuous” basis having only portion its fuel replaced intervals. 
Whether portion all the fuel removed any one time will make 
little difference the year-to-year production fission products. 

Normal processing remove the fission products and restore “spent” 
fuel usable form produces large quantities liquid wastes containing 
radioactive fission products. Trace amounts fissionable material 
(uranium and plutonium) may also present these wastes; however, for 
economic reasons alone, the amount this material held absolute 
minimum, and its presence will not considered here. 

The average concentration radioactive fission products the wastes 
varies, reported the literature, from about millicuries per 
gallon (see Appendix D). Table presents data the volume liquid 
wastes which could produced processing the “spent” fuel removed from 
1,000-kilowatt reactor which had operated for period year, liquid 
disposition were the only method utilized and present processing methods 
continue. Waste volumes are given for average radioactive fission-product 
concentrations and millicuries per gallon. assumed that 
will require 100 days process the fuel-fission product mixture, and that 
the fission products the liquid waste will, therefore, have had 100-day 
decay period. 

was previously estimated that nuclear-power plants built during 1964 
alone would have power level exceeding 2,250,000 kilowatts. The concen- 
tration fission products the wastes from chemical-processing plant 
will vary somewhat, but assuming average fission product concentration 
millicuries per gallon, can calculated from data Table 
that some 3.3 gallons radioactive fission-product wastes would 
produced yearly processing the “spent” fuel from these reactors. This 
amounts about million gallons per day, roughly percent the 
present-day industrial demand for water the United States. as- 
sumed, with the advent power reactors, that improvements fuel process- 
ing will make practicable even greater concentration fission products 
selected wastes, thus substantially reducing the total volume requiring dis- 
position. Retention and storage the more concentrated wastes may make 


19. “In Reactor Waste,” Nucleonics, Vol. No. March 1953, 
74. 
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possible reduction either the concentration the volume the remain- 
ing wastes treated and discharged. However, important realize 
that such operations cannot alter, any way, the curie yield radioactive 
fission products. probable that one controlling factor over the extent 
the use power reactors may whether not economical means for safe 
disposition their wastes can found. 

Maximum permissible concentrations for certain the fission products 
air, drinking water, and for the total body are given Table 
Values for drinking water are given terms microcuries per milliliter, 
millicuries per gallon, and parts per million the radioactive fission 
product. obvious, from the data presented the table, that the preven- 
tion inhalation ingestion fission products and their subsequent depo- 
sition the tissues the body problem major importance. 

Comparison maximum permissible concentrations for fission products 
drinking water with the total quantity fission products yielded 
reactors readily reveals that dilution alone cannot considered long- 
range method for disposition. The entire flow the Mississippi River, for 
example, would not sufficient dilute the fission products from the re- 
actors built during 1964, alone maximum permissible concentrations, 
given Table VIII. 


Radiochemical Considerations 


The decay the total mass the fission products, well the propor- 
tions the total activity contributed the important individual products, 
presented Figures through 11. The figures (summation plots semi- 
logarithmic paper) are illustrations the data contained Tables (A), 
(B), and (C). 

The individual fission products are plotted order increasing activity, 
beginning first with those present after decay period years, then con- 
tinuing with those present after decay period year, For ex- 
ample, the decay curve above the symbol Eu-155 represents the decay curve 
for Eu-155 plus Sb-125 Te-125. The quantity Eu-155 present any 
particular time represented the ordinate between the curve represent- 
ing the decay Sb-125 Te-125 and the curve representing the decay 
Eu-155 plus Sb-125 Te-125. Similarly, the quantity Sm-151 present 
any particular time represented the ordinate between the curve repre- 
senting the decay Sm-151 plus Eu-155 plus Sb-125 Te-125 and the curve 
representing the decay Eu-155 plus Sb-125 Te-125, and The 
group, “All Others,” includes all the fission products which are not formed 
sufficient quantities importance, which have very short half- 
lives and rapidly decay stable states. 

One the important facts shown the figures the initial rapid decline 
activity the fission products after removal from the reactor. large 
percentage the products quickly decay stable states. fact, after about 
150 days, only basic groups remain. After period about years, only 


20. These values were originally computed apply radiation workers. 
recommended that similar maximum figures for the general population 
not exceed one-tenth these values. (“International Commission 
Radiological Protection, Report the Work the Commission for 
Presentation the International Executive Committee,” British Journal 
Radiology, April 1954, pp. 245-7.) 
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groups remain. Thus, the aging process is, indeed, during this initial peri- 
od, important contributing factor the solution the problem disposi- 
tion. However, after years, the same groups which were present years 
still remain. far the disposition the radioactive fission products 
concerned, can thus said that the aging process has reached its point 
diminishing returns, and some alternate method will have applied 
solve the remaining disposition problem. this method chemical (coagu- 
lation coprecipitation), the fission products can attacked indi- 
vidual group basis. 

For all three periods reactor operation for which calculations were 
made, the groups remaining after decay period 150 days make 
over percent the total activity remaining that time. These ten 
groups are Zr-95 Nb-95, Y-91, Sr-89, Te-127, Ru-103 Rh-103, Ce-141, 
Pm-147, Sr-90 Y-90, Cs-137 Ba-137, and Ce-144 Pr-144. Similarly, 

the groups remaining after years make over percent the 
total radioactivity remaining that time. These groups, decreasing 
order their hazard judged the maximum permissible concentrations 
for drinking water, are Sr-90 Y-90, Cs-137 Ba-137, Ce-144 Pr-144, 
Ru-106 Rh-106, and Pm-147. The radioactivity due the other groups 
cannot, course, neglected. For the 1,000-kilowatt reactor operated for 
year, even the remaining groups represent over 300 curies. 


DISCUSSION AND SUMMARY 


The United States the threshold practical electric-power produc- 
tion from atomic energy. Conservative estimates, based the expected 
proportion new power installations that will utilize nuclear fuels, indicate 
that the additional quantity radioactive fission products from power re- 
actors will tremendous. According these estimates, some million 
gallons radioactive fission-product wastes will produced daily 
processing “spent” fuel from new power reactors built during 1964 alone. 
These wastes will addition the large quantities fission-product 
wastes being produced present-day reactors. 

Tables and curves have been presented from which can predicted 
fission-product yields for reactors any power level operated for different 
periods time. The paper specifically intended give the sanitary- 
engineering profession concrete numerical evaluation the probable waste- 
handling problem atomic-power reactors. However, should also serve 
source data for persons currently engaged fission-product waste 
disposition. 

The future the sanitary engineer this specialized field depends upon 
his willingness face new problems. Through the use nuclear reactors, 
man process not only multiplying the quantities, but also the types, 
radioactive material his environment. This problem should not 
such light that the sanitary engineer will stimulated seek solutions. 
That what this paper has attempted do. 


21. the Outlook for Sanitary Engineers,” Clarence Klassen, 
Proceedings ASCE, November 1953, Separate No. 341. 
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APPENDIX 


Production Equations for Table 


3.7x10 


Where activity curies 


fission yield 
0.693 half-life decay constant 
time operation the reactor 


Press, Cambridge 42, Mass. “The Science 
and Engineering Nuclear Power", Edited Clark 


643-10 


APPENDIX 


Decay Equations for Table 


Determination and the Establishment Genetic 


William Rubinson, AECU-472, Brookhaven 
Nationa! Laboratory, Energy Commission, 
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APPENDIX 


Weight-Activity Formula for Table 


Activity (0.693)(6.02 1023) 


Grams 


where the half-life years. 


APPENDIX 


Fission Product Concentrations 
Radioactive Liquid Wastes 


has been reported™ that, Oak Ridge National Laboratory, “activities 
the order kilocuries per month are processed and the total volume 
waste may reach 50,000 gallons per week.” the processing of, say, 
2,000 curies per month creates some 200,000 waste, this 
amounts about millicuries per gallon. 


has been reported (see page reference 10), that the activity the 
solids remaining after the water has been removed from radioactive 
fission-product waste would “only few curies per pound.” Assuming 
the original waste had solids concentration 500 parts per million, 
would have contained the neighborhood millicuries per gallon. 


24. Waste Disposal,” Rodger, “Digest Proceedings, 
Seminar the Disposal Radioactive Wastes,” sponsored the U.S. 
Atomic Energy Commission, January 24-25, 1949, U.S. Atomic Energy 
Commission, Washington, D.C. 
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Table 


FISSION PRODUCTS IMPORTANT PUBLIC HEALTH ENGINEERING 


0.317 
0.000031 
4.6 
6.0 
6.0 
6.0 
3.7 
3.7 
0.62 
0.62 
0.018 
0.00071 
0.010 
0.012 
0.0012 
0.012 
0.023 
0.023 
0.033 
0.033 
0.19 
0.19 
3.0 
0.03 
4.4 
4.4 
6.6 
0.0062 
6.2 
6.2 
6.17 
6.17 
6.7 
6.3 
2.6 
2.6 
0.03 
0.013 


W~< WWW WD D 


<~D~< DW< DODDD~< DW 


sg 
~~ 


~ 


Faller, Chapman, and West, Argonne National 
tory, Report May, 1962. 

Seaborg, Univ. of California, Report UCRL-1928 Revised, December, 
1962. 

product. 


Sr - 869 63 
19.9 
106 1.0 
117 14.5 
123 130 
Te - 90 
9.3 
Te - 129 
143 13.7 
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Table II 


PRODUCTION IMPORTANT FISSION PRODUCTS REACTOR 


Fission Product 


103 

106 

117 

119 

123 

125 

127 

127(90 
127(9.3 
129(32 
131 

132 

133 

136 

137 

140 

143 
144 
147 
156 


Activity after perioas 
of continuous operation of a reactor at a 
power level of 1,000 kilowatts 


191 618 
0.2 0.26 0.26 
200 
402 6,700 
402 6,700 
34,800 49,500 
32,900 49,200 
446 687 704 
50,500 
25, 100 31,000 
26,100 30,900 31,000 
180 4,220 
4,220 
161 151 
4.6 5.9 
100 


922 
1,590 1,590 
1,590 1,590 
25, 200 
252 
36,900 
36,900 
55, 55,300 
1,080 
4,910 
51,700 51,700 
51,300 51,700 
43,000 47,800 
45,000 
9,660 26,700 44,000 
9,860 44,000 
21,800 
1,290 4,900 16,000 
109 


using fission product yields shown Tabie 
product. 


Kr - 
- 
Sr - 
. 
Y - 
Nb - 
Ru - 
Ru - 
Rh - 
8n - 
Sn - 4 + 10 
100 101 101 
_ 8b - 767 787 787 
146 260 277 
Te - 
Te - 
Te - 
I - 
Xe - 
Te - 
Cs - 
Ba - 
Ba - 
La - 
Ce - 
Ce - 
Pr - 
‘ Na - 
Pu - 
Sm - 
Eu - 
Eu - 
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Table III(A) 


ACTIVITY FISSION PRODUCTS CURIES SPECIFIED TIMES (T) AFTER REMOVAL 
FROM REACTOR THAT HAS OPERATED 1,000 ENERGY FOR 100 DAYS 


Fission Product T= of®) T = 100 days T= 5 years 


95( 36 p) (>) 

103 

106 

115 

117 

119 

123 

125 

127 

127(90 

127(9.3 

129(32 

131 

132 

133 

136 

137 

140 51,500 
141 43,000 
143 45,000 
144 9,860 
9,860 
147 

155 


(8) gee Table II. 
product. 


28, 200 7,610 237 --- 
11,300 671 --- 
--- --- --- 
Sn - 0.1 ooo ows 
Te - 71 9 ooo 
161 0.6 --- 
1.5 --- --- 
--- --- --- 
I - --- 
--- --- --- 
1,440 180 410 
1.2 --- --- 
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Table III(B) 


ACTIVITY FISSION PRODUCTS CURIES SPECIFIED TIMES (T) AFTER REMOVAL 
FROM REACTOR THAT HAS OPERATED 1,000 ENERGY FOR YEAR 


103 

106 

116 

117 

123 

126 

127 


127(90 
129(32 


131 
132 
133 
137 
140 
141 
143 
144 
147 
155 


product. 


922 
1,690 
1,690 

262 
36,900 
55, 300 
1,080 
1,030 
51,700 
47,800 
26,700 
26,700 
21,800 
4,900 


191 177 132 
0.26 --- --- 
36, 200 10, 300 321 --- 
48,900 14,600 677 --- 
17,000 1,000 --- 
687 162 --- 
161 --- --- 
6.9 1.2 --- --- 
101 0.1 --- --- 
260 123 --- 
Ke - 1.5 
--- --- --- 
--- --- --- 
0.3 --- --- 
1,070 1,060 970 
230 --- --- 
288 --- --- 
4,800 3,960 360 
109 1.2 --- --- 
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Table III(C) 


CTIVITY FISSION PRODUCTS CURIES SPECIFIED TIMES (T) AFTER REMOVAL 
FROM REACTOR THAT HAS OPERATED 1,000 ENERGY FOR YEARS 


Fission Product 


95(90 
95(36 
103 

106 

117 

119 

123 

125>) 

127 


127(90 
127(9.3 
129(32 
131 


132 
133 
136 
137 
140 
141 
143 
144 
147 


616 
0.26 
6,700 
6,700 
49,600 
50, 300 
704 
50,500 
31,000 
31,000 
4,220 
4,220 
161 
6.9 


1,590 
1,590 
200 
262 
36,900 
4,910 
61,700 
61,700 
47,800 
44,000 
44,000 
16,000 


4,740 

16, 100 
176 


17,600 
17,600 
12,600 

173 


T= & years 


peugnter product. 


--- --- --- 
6,630 6,470 6,630 
6,630 6,470 6,630 
14,700 585 --- 
1.2 --- --- 
101 0.1 --- 
136 136 115 
8d - 767 --- --- 
Te - 277 131 17 --- 
182 0.6 --- 
1.6 --- --- 
--- --- --- 
--- --- --- 
0.3 --- --- 
4,880 4,810 4,420 
230 --- --- 
--- 
--- --- 
442 
442 
--- 
4,290 
175 167 
109 1.2 --- --- 
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or 


Table yi) 
GROWTH OF ELECTRIC ENERGY PRODUCTION 
THE UNITED STATES 
Year Billions of Kilowatt hours 
1902 6.0 
1907 14.1 
1912 24.8 
1917 43.4 
1922 61.2 
1925 
1927 101.4 
1932 99.4 
1937 146.5 
1942 233.1 
1947 
1950 368.7 
1975 
(8) eResources for Freedom, Volume III, The Outlook for Energy Sources, 
| A Report to the President by the President's Materials Policy 7 
Commission, June, 1952. 
preatcted. 
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Table 
REACTORS THE UNITED 


Bulk Shielding Facility 
Swimming Pool) 

LITR, Low-Intensity Test Reactor 
HRE, Homogeneous Reactor Experiment 
Isotope Production 

SUPO, Super Power Water Boller 


Research Reactor 


Power (Heat) 


Location Level 


Some Reactors in Operation 


Oak Ridge National Laboratory 
Oak Ridge, Tennessee 


Los Alamos, New Mexico 


Brookhaven National Laboratory 
Upton, New York 


Argonne National Laboratory, 
Chicago, Illinois 


Hanford, Washington 


CP-3 Prime Reactor 


Plutonium Production Reactors 
(at least operation) 

TTR, Low-Power Thermal Test Reactor 
PPA, Preliminary Pile Assembly 


Knolis Atomic Power Laboratory 
Schenectady, New York 


Materials Testing Reactor 
Experimental Breeder Reactor 


National Reactor Testing Station 
Arco, Idaho 


MTR, 
EBR, 


North Carolina State College 
Raleigh, North Carolina 
North American Aviation, Inc. 

Downey, California 

California Research & Development Co. 
Livermore, California 


Raleigh Research Reactor 


North American Water Boiler 


Water Boiler 


Some Reactors in Advanced Stages of 
Design or Construction 


MW 


Duquesne Light Company 
Pittsburgh, Pennsylvania 
Pennsylvania State College 

State College, Pennsylvania 
General Electric Co. 

Knolls Atomic Power Laboratory 
West Milton, New York 

Knolls Atomic Power Laboratory 
(Assisted by Argonne National 
Laboratory) 

National Reactor Testing Station 
Arco, Idaho 

Savannah River Project 
Georgia 

North American Aviation, Inc. 
Downey, California 

Argonne National Laboratory 
Chicago, Illinois 


Duquesne PWR 


Research Reactor ™~ 10 KW 


SIR, Submarine Intermediate 


Aircraft 


Production Reactors mw! 


(at least built) 
Low- Cost-Low-Power 


160-200 


Dp. 65-9. 

and LITR Available for Production Special Isotopics, Vol. No. October, 
1953, p. 4. 

(4) etme Thermal Test Reactor of the Knolls Atomic Power Laboratory,® by Lewi Tonks, Knolls Atomic 
Power Laboratory, Report AECD-262@), June 9, 1953. 

(€) TR Data Declassi fied, * Nucleonics, Vol. 11, No. 9, September, 1953, p. 76. 

First Nuclear Reactor Goes Work Power Chemical News, 
Vol. 3, No. 3%, September, 1952, pp. 3642-3. 

(€) "Novel Atomic Reactor Works Like Water Boiler,* Chemical March, 1964, pp. 106-6. 

(h) major Activities in the Atomic Energy Programs, January-June, ." United States Atomic nergy 
Commission, U. 8. Government Printing Office, July, 19653. 

(Dre is estimated that these reactors will operate in the megawatt range. 
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3,000 
1,000 
1,000 
100 wis) 


Table VII 


LIQUID WASTES FROM 1,000 KILOWATT REACTOR 


Assumed Average Concentration of Radio- (a) 
active Fission Products the Waste Waste Volune 

Millicuries Parts per Gallons Million 
per Gallon per Gallons/ Day 


0.000 14,400,000 
0.000 
0.000 067 


(8) assumes the fission products in the waste have undergone 100- 
decay. (See text) 

» Inasmuch 4s Krypton and Xenon are gases, they are neglected. 

(hye the concentration of radioactive fission products in the 
weste were 1 ppm, there would be less than 10,000 gallons 
waste per year. 


10 0.04 
6 0.08 
1 0.4 
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FISSION YIELDS FROM THE CASES 
THERMAL AND NEUTRON FISSION 


Number 


Fast Neutrons Mev) 
After Spence, 
Brookhaven Notional Laboratory Report BNL-C-9 
Pages 1949 


Figure 


q - 
/ 
\ 
107° 
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(a) 
TYPICAL RADIOACTIVE FISSION PRODUCT DELAY CHAIN 
(MASS NUMBER 


(30H) 


(3.0) 


Note: The number parenthesis above the symbol the isotope 
refers the the number parenthesis below the 
the isotope refers the per cent fission yield. 


Figure 


(a) Argonne National Laboratory Report, ANL-4807, 
Faller, Chapman, and West, 


(1.5) 
643-25 


CHARACTERISTIC DECAY FOR FISSION PRODUCTS 


100 


After operating time ina 
thermal reactor 


thermal reactor 
bomb (fast neutron fission) 
Affer 100 operating 
time thermal reactor 


thermal reactor 


Figure 
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RELATIONSHIP RADIOACTIVE FISSION PRODUCT 
ITS DECAY PRODUCT FUNCTION TIME 


FIGURE 


ACTIVIT Y-WEIGHT RELATIONSHIP FISSION PRODUCTS 
SPECIFIED TIMES AFTER REMOVAL FROM REACTOR 
FOLLOWING ONE YEAR'S OPERATION POWER 
LEVEL KILOWATTS 


CURIES GRAMS 

700,000 

600,000 

500,000 

300,000 

Grams 

200,000 

100,000 

TIME (Yeors) 


Figure 
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SCHEMATIC DIAGRAM NUCLEAR REACTOR POWER 


LIQUID METAL COOLANT 


ELECTRIC 
GENERATOR 


TURBINE AND 


REACTOR CONDENSER 


SHIELDED RADIOACTIVE ZONE 


(a)"Some Instrumentation Requirements Atomic Power 
Cochran and Mechanical Engineering, 


Figure 
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FISSION PROOUCT ACTIVITY (MEGACURIES) 


700 


600 


100 


PRODUCTION FISSION PRODUCTS 
NUCLEAR REACTOR 


ELECTRICAL POWER OUTPUT (MEGAWATTS) 
(Assuming 20% Efficiency) 
100 140 160 180 200 


- 


300 400 500 600 700 800 900 1000 
REACTOR POWER LEVEL (MEGAWATTS) 

Health Branch 

U. &. Public Health Service 

September, 1963 


FIGURE 
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a* ¢ 
400 
& Ay, 
300 
200 


RELATIONSHIP SPECIFIC FISSION 
PRODUCTS AFTER REMOVAL FROM REACTOR WHICH 


Others 


and 


SUMMATION ACTIVITY(CURIES) 


f~ 
100 
100 doys years yeors yeors yeors 
TIME AFTER REMOVAL 


Figure 
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RELATIONSHIP SPECIFIC FISSION 
PRODUCTS AFTER REMOVAL FROM REACTOR WHICH 
OPERATED KILOWATTS FOR ONE YEAR 


1,000,000 


All Others 
and 


> 
= 


SS 


10,000 
] 
a 
~ 
100 
| 
| 
100 doys year 2ye 4 years 5 yeors 


ars 3 yeors 
TIME AFTER REMOVAL 


Figure 
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100,004 


RELATIONSHIP SPECIFIC FISSION 
PRODUCTS AFTER REMOVAL FROM REACTOR WHICH 
OPERATED KILOWATTS FOR YEARS 


1,000,000 
All Others 
and 
100,000 
TOTAL 
10,000 
c 
Ce~ig 
- 
> 
100 


TIME AFTER REMOVAL 


Figure 
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